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Abstract 


Room  temperature  ionic  liquids  exert  vanishingly  small  vapor  pressures  under  ambient 
conditions.  Under  reduced  pressure,  certain  ionic  liquids  have  demonstrated  volatility  and  they 
are  thought  to  vaporize  as  intact  cation-anion  ion  pairs.  However,  ion  pair  vapors  are  difficult  to 
detect  because  their  concentration  is  extremely  low  under  these  conditions.  In  this  letter,  we 
report  the  products  of  reacting  ions  such  as  NO+,  NH4+,  NO3',  and  O2"  with  vaporized  aprotic 
ionic  liquids  in  their  intact  ion  pair  form.  Ion  pair  fragmentation  to  the  cation  or  anion,  as  well  as 
ion  exchange  and  ion  addition  processes  are  observed  by  selected  ion  flow  tube  mass 
spectrometry.  Free  energies  of  the  reactions  involving  1 -ethyl-3 -methylimidazolium  bis- 
trifluoromethylsulfonylimide  determined  by  ab  initio  quantum  mechanical  calculations  indicate 
that  ion  exchange  or  ion  addition  are  energetically  more  favorable  than  charge  transfer  processes, 
whereas  charge  transfer  processes  can  be  important  in  reactions  involving  l-butyl-3- 
methylimidazolium  dicyanamide. 


*  Email:  ghanshyam. vaghi iani @ ed wards . af . mil ;  Tel:  661-275-5657;  Fax:  661-275-5471 
Distribution  A:  approved  for  public  release;  distribution  unlimited. 


1 


>:♦ 

tty 


Table  of  Contents  Figure:  NFI4+NTf2"EMIM+  ion  cluster  geometry. 


Keywords:  RTIL,  ion  pair,  SIFT,  ion  attachment,  carbene. 


Distribution  A:  approved  for  public  release;  distribution  unlimited. 


2 


Due  to  the  high  heats  of  vaporization  involved  with  room  temperature  ionic  liquids 
(RTIF),  direct  detection  of  RTIL  vapors  has  proved  difficult.  Primary  attempts  to  detect  ionic 
liquid  vapors  under  reduced  pressure  and  to  understand  the  nature  of  their  volatilization  have 
focused  on  mass  spectrometric  methods,1"4  and,  more  recently,  IR5’6  and  UV-VIS  spectroscopy.7 
Indirect  methods  involve  transpiration,8  effusion9  or  thermal  gravimetric  analyses.10'1 1  To  our 
knowledge,  only  one  prior  study  has  directly  detected  evaporated  intact  ion  pairs,  albeit  under 
rather  harsh  thermal  conditions.  ~  One  drawback  using  positive  mode  ionization  mass 
spectrometric  techniques  is  that  upon  removing  an  electron  from  the  ion  pair,  the  coulombic 
attraction  between  the  cation  and  anion  is  lost,  and  the  remaining  attractive  forces  between  the 
cation-radical  complex  can  be  weak,  and  the  complex  can  easily  dissociate  to  the  cation  and 
radical.  It  is  the  detection  of  the  intact  cation  which  implies  the  presence  of  ion  pairs  in  the 
vapor  phase.4'13  If,  instead  of  removing  an  electron  from  the  anion  in  the  ion  pair,  a  third  ion  can 
be  gently  attached  to  the  ion  pair,  this  would  enable  the  detection  of  the  larger  charged  product 
via  mass  spectrometry.  Previous  work  using  electrospray  ionization  mass  spectrometry  (ESI- 
MS),14  has  detected  multiple  ion  clusters:  (C+)„A \n.i)  in  positive  ion  mode  or  (C+)(n.j)A'(n)  in 
negative  ion  mode.  However,  these  clusters  are  formed  under  field  evaporation  conditions,  not 
reduced  pressure  distillation  conditions.  Ion-ion  pair  reactions  have  been  observed  from  reduced 
pressure  evaporation  of  ionic  liquids  by  Fourier  transform  ion  cyclotron  resonance  mass 
spectrometry  (FT-ICR-MS).15  In  the  FT-ICR-MS  experiments,  an  evaporated  ion  pair 
dissociatively  ionizes;  the  cation  is  trapped  and  can  then  add  to  another  ion  pair,  forming  stable 
clusters  similar  to  those  seen  in  ESI-MS  experiments  which  are  based  on  the  original  ionic  liquid 
being  evaporated. 
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The  goal  of  this  work  was  to  expose  vaporized  ion  pairs  to  different  and  more  labile  ions 
to  look  for  intact  RTIL  ion  pairs  through  proton  transfer,  charge  exchange,  clustering,  or  possible 
reactivity.  Ions  were  chosen  in  order  to  observe:  1)  a  protonated  ion  pair  via  proton  transfer  from 
NH4+  (proton  affinity  (PA)(NH3)=8.85  eV),  2)  a  negatively  charged  ion  pair  by  electron  transfer 
from  O2"  (electron  affinity  (EA)(O2)=0.45  eV),  and  3)  soft  chemical  ionization  of  the  ion  pair  by 
electron  transfer  from  the  ion  pair  to  NO+  (ionization  potential  (IP)(NO)=9.27  eV).  The  relative 
PAs,  EAs,  and  IPs  of  the  ion  pairs  should  indicate  potential  reactivity  with  the  above  ions. 
Apparently,  in  the  systems  considered  here,  the  coulombic  energy  gained  by  ion  addition  or  ion 
exchange  can  dominate  the  possible  charge  transfer  processes. 

Experiments  were  performed  in  the  AFRL-Hanscom  selected-ion  flow  tube  (SIFT)  mass 
spectrometric  apparatus,  which  has  been  modified  to  introduce  an  effusive  RTIL  source.  In  order 
to  produce  conditions  most  likely  to  observe  the  intact  ion  pairs,  the  flow  tube  was  cooled  to  170 
K.  The  reactions  of  NO+,  NH4+,  NO3',  and  O2"  with  the  vaporized  ionic  liquid  l-ethyl-3- 
methylimidazolium  bis-trifluoromethylsulfonylimide  (EMIM+NTf2‘)  and  NO+  and  NH4+  with  the 
vaporized  ionic  liquid  l-butyl-3-methylimidazolium  dicyanamide  (BMIM+dca')  were  monitored 
in  positive  ion  mode  for  NO+  and  NH4+,  and  in  negative  ion  mode  for  NO3',  and  O2’  ions.  When 
EMIM+NTf2'  (mass  391,  IP=8.23  eV  (MP2/6-311++G(d,p))  is  reacted  with  NO+  or  NH4+,  the 
major  ion  detected  is  mass  111,  the  EMIM+  cation,  seen  in  Figure  la  and  b.  A  small  product 
peak  also  appears  at  mass  502  corresponding  to  the  secondary  reaction  EMIM+  +  EMIM+NTf2" 
EMIM+NTf2'EMIM+.  For  NH4+,  a  mass  peak  at  409  corresponding  to  EMIM+NTf2"NH4+  is 
also  detected  (Figure  lb).  EMIM+NTfV  +  NO3'  yields  a  mass  at  453,  corresponding  to  NO3" 
EMIM+NTf2"  (Figure  2a).  When  EMIM+NTf2‘  is  reacted  with  02\  the  major  ion  detected  is 
mass  280,  the  NTf2"  anion,  seen  in  Figure  2b.  When  BMIM+dca"  is  reacted  with  NH4+  mass 
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peaks  include  139,  96,  125  and  82  (Figure  3a).  When  BMIM+dca"  is  reacted  with  N0+,  mass 
peaks  appear  at  139,  125,  169,  179,  155,  and  152  (Figure  3b).  Possible  reactions  involved  in  the 
formation  of  the  ions  that  correspond  to  the  experimental  mass  peaks  observed  for  EMEVTNTff 
are  listed  in  Table  1,  along  with  their  enthalpies  and  free  energies  of  reaction  (at  298  K). 

In  the  cases  when  EMIM+NTIV  is  reacted  with  NO+  or  NH4+,  the  EMIM+  (mass  111)  ion 
is  readily  formed,  presumably  through  a  C,+A"C/  type  of  intermediate  which  dissociates  to 
EMIM+  cation  plus  a  cofragment,  either  an  ion  pair,  NO+NTfV,  or  a  hydrogen  bonded  complex, 
NFpFlNTfi,  which  are  predicted  to  be  exergonic  (AG  =  -35.9  and  -25.6  kcal/mol,  reactions  2  and 
4,  Table  1).  Since  masses  391  or  392  were  not  detected,  simple  charge  transfer  via  electron 
removal  or  proton  attachment  to  the  ion  pair  apparently  is  not  an  important  process.  The 
relatively  high  concentration  of  EMIM+  cation  produced  can  then  react  with  the  RTIL  ion  pair  to 
form  an  EMIM+NTf2_EMIM+  ion-trio  (AG  =  -21.2  kcal/mol,  reaction  12,  Table  1)  at  mass  502. 
Similarly,  the  formation  of  the  NTfi"  anion  is  observed  upon  reaction  of  EMIM+NTf2_  with  O2’, 
but  the  formation  of  NTiyEMIM+NTiy  (mass  671)  or  larger  cluster  ions  cannot  be  detected  as 
they  are  out  of  the  mass  range  of  the  present  detector  (amu  <600).  The  co-product  of  the  NTIV 
anion  formed  upon  reaction  with  O2  is  unclear.  Some  of  the  possible  processes  considered 
(reactions  8-11,  Table  1)  all  appear  to  be  endergonic,  although  the  formation  of  the  HO2/EMIM 
carbene16  complex  product  (reaction  8)  has  a  AG  of  only  +3.9+10  kcal/mol,  and  therefore  would 
be  the  most  likely  route  amongst  reactions  8-11.  The  lack  of  signal  at  mass  391  suggests  that 
electron  transfer  from  O2  or  NO3'  is  not  an  important  process.  Finally,  small  ion  signals 
corresponding  to  ion  addition  to  the  ion  pair  is  observed  when  EMUVENTIV  is  reacted  with  NH4+ 
or  NO/,  resulting  in  EMIM+NT f2"NH4+  (mass  409,  AG  =  -40.8  kcal/mol)  or  NO;fEMIM+NTf2" 
(mass  453,  AG  =  -28.0  kcal/mol)  in  reactions  6  and  7,  respectively.  Detection  of  the  ion-trio 
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definitely  shows  the  presence  of  neutral  RTIL  vapors  in  the  flow  tube.  Some  excess  internal 
energy  gained  upon  ion  addition  to  the  ion  pair  can  be  removed  by  collisions  with  the  buffer  gas 
at  170  K,  which  is  consistent  with  the  absence  of  the  complex  under  room  temperature 
conditions,  indicating  the  bonds  holding  the  complex  together  are  weak.  However,  more 
exergonic  processes  may  not  be  observed  at  170  K  if  the  dissociation  rate  of  the  internally 
excited  complex  is  faster  than  thermalization  by  collisional  de-excitation.  The  calculated 
geometry  of  EMIM+NTIYNH4+  in  Figure  4  shows  a  dramatic  change  in  geometry  of  the 
EMIM+NTiy  from  the  previously  calculated  geometries5,17  upon  addition  of  NH4+:  The  NT  IV 
migrates  from  being  essentially  coplanar  with  the  EMIM+  ring  in  the  ion  pair  to  being 
perpendicular  to  the  ring  and  is  sandwiched  between  the  EMIM+  and  NH4+  cations  in  the 
EMIM+NTf2"NH4+  ion-trio. 

When  BMIM+dca  (IP=7.4  eV,  MP2/6-311++G(d,p)//B3LYP/6-311++G(d,p))  is  reacted 
with  NH4+  or  NO+,  the  observation  of  a  peak  at  mass  139  indicates  the  formation  of  the  BMIM+ 
cation.  Similar  to  the  EMIM+NTfV  system,  this  could  be  from  the  dissociation  of  the  C,-+A"C/ 
intermediate  (BMIM+dca"NO+  or  BMIM+dca"NH4+).  However,  unlike  the  EMIM+NTf2"  system, 
no  peaks  were  detected  corresponding  to  the  secondary  product  BMIM+dca  BMIM+  at  mass  344. 
This  could  be  due  to  the  lower  vapor  pressure,  and  thus  lower  concentration,  of  BMIM+dca’  in 
the  flow  tube  or  weaker  bonds.  The  presence  of  peaks  with  masses  less  than  139  could  be  due  to 
fragmentation  of  the  BMIM+  cation,  as  masses  82,  96  and  125  are  seen  in  photoionization  studies 
of  BMIM  dca".  The  complexity  of  the  BMIM  dca"  mass  spectra  is  likely  due  to  the  increased 
free  energy  release  from  charge  transfer  reactions  compared  to  the  similar  charge  transfer 
reactions  in  the  EMIM+NTiy  system  (reactions  1  and  3,  Table  1).  The  remaining  mass  peaks 
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above  mass  139  may  result  from  more  complex  chemistry  involving  ion-neutral  interactions,  and 
this  will  be  addressed  in  a  future  publication. 

This  work  reports  the  experimental  results  of  reacting  vaporized  ionic  liquids  l-ethyl-3- 
methylimidazolium  bis-trifluorosulfonylimide  and  l-butyl-3-methylimidazolium  dicyanamide 
with  various  ions  including  NO+,  NH4+,  NO3',  and  CF  .  The  presence  of  intact  EMIM+NTfV  ion 
pairs  in  the  gas  phase  is  evidenced  by  the  ion  cluster  (mass  502)  formation  seen  in  Figures  1  and 
2.  The  presence  of  intact  BMIM+dca"  ion  pairs  in  the  gas  phase  is  less  direct  and  indicated  by  the 
formation  of  the  intact  BMIM+  cation  (mass  139)  seen  in  Figure  3.  This  experimental  technique 
enables  the  examination  of  the  influence  of  various  energetic  factors  such  as  proton  affinity, 
electron  affinity,  and  ionization  potential  of  the  reactants  on  the  outcome  of  the  reactivity  of 
vaporized  RTIF  ion-pairs  with  reagent  ions.  While  dissociation  to  the  cation  or  anion,  ion 
exchange  or  ion  addition  dominate  for  the  EMIM+NTf2_-ion  reactions,  more  complex  reactivity 
is  observed  for  the  BMIM+dca'-ion  reactions.  More  experimental  and  theoretical  work  is  needed 
to  evaluate  these  influences  in  RTIF  ion  pair-ion  reactions. 

Experimental 

The  measurements  were  carried  out  using  the  Air  Force  Research  Faboratory  Selected 
Ion  Flow  Tube  (SIFT),  which  has  been  well  described  in  detail  previously.19  Ions  are  made  in  a 
high  pressure  ion  source  by  electron  impact,  mass  selected  in  a  quadrupole  mass  filter,  and 
injected  into  a  helium  buffered  flow  tube  through  a  Venturi  inlet.  Source  gases  were  CF  for  CF , 
HNO3  for  NO3’,  NO  or  NO2  for  NO+,  and  NH3  for  NH4+.  In  all  cases,  the  primary  ion  accounted 
for  >95%  of  all  signal  in  the  absence  of  the  added  ionic  liquid.  The  helium  carries  the  primary 
ions  past  a  neutral  inlet  and  the  core  of  the  flow  is  sampled  into  a  quadrupole  mass  spectrometer 
for  ion  identification.  The  pressure  inside  the  flow  tube  is  0.5  Torr.  Since  one  of  the  main  aims 

of  the  present  experiments  was  to  observe  intact  ion  pairs  whose  ionized  forms  can  readily 
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dissociate,  we  ran  the  flow  tube  at  170  K  to  minimize  thermal  dissociation  of  the  ions.  The  mass 


spectrometer  was  calibrated  with  C7F4  and  the  masses  are  accurate  to  1  amu. 

What  is  described  above  is  quite  standard  and  straightforward  for  the  SIFT.  What  is 
more  challenging  is  to  introduce  ionic  liquids  into  the  flow  tube  since  their  vapor  pressure  is 
low.  '  The  inlet  is  similar  to  one  we  have  used  for  sulfuric  acid.  A  %”  glass  tube  is  wrapped 
with  insulated  heating  wire  in  two  zones,  a  short  one  near  the  tip  and  a  longer  one  covering  most 
of  the  inlet.  Resistance  temperature  detectors  measure  the  temperature  of  the  glass  tube  in  each 
zone.  The  inlet  extends  into  the  center  of  the  flow  tube.  Since  the  SIFT  has  a  unipolar  plasma 
that  charges  insulating  surfaces,  the  whole  inlet  is  wrapped  by  a  stainless  steel  shim  connected  to 
ground.  Glass  wool  is  inserted  inside  the  length  of  the  glass  tube  and  a  small  amount  of  ionic 
liquid  is  distributed  throughout  the  glass  wool  by  syringe  injection.  Helium  flush  gas  of  up  to 
145  seem  is  used  to  transport  the  ionic  liquid  to  the  flow  tube,  and  a  He  flow  of  10,000  seem  was 
present  in  the  SIFT. 

Before  introducing  a  new  RTIL  sample  into  the  SIFT  apparatus,  methanol  was  used  to 
thoroughly  clean  the  inlet,  the  inlet  was  dried  and  new  glass  wool  was  inserted.  The  temperature 
of  the  inlet  was  kept  at  approximately  433  K  and  453  K  for  BMIM+dca"  and  EMIM+NTf2’ 
respectively.  Preliminary  measurements  indicated  it  was  easy  to  overheat  and  pyrolyze  the  RTIL 
so  heating  was  done  slowly. 

Two  types  of  data  were  taken:  1)  mass  spectra  with  a  constant  helium  flow  and  2)  peak 
stepping  through  all  relevant  peaks  (minor  peaks  ~  1-2%  were  excluded)  as  a  function  of  the 
helium  flow.  The  latter  data  were  taken  to  look  for  secondary  reactions.  As  the  flow  of  helium 
increased,  the  flow  of  ionic  liquid  also  increased.  In  order  to  account  for  potential  secondary 
reactions,  we  used  the  standard  SIFT  method"  of  plotting  the  fraction  of  each  product  vs.  neutral 
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flow  rate  (in  this  case,  the  He  flush  gas  -  plots  are  standard  and  not  shown).  Extrapolations  of 
the  branching  to  zero  flow  yield  primary  branching  fractions,  negative  slopes  indicate  product 
ions  that  further  react  with  the  RTIL  and  positive  slopes  indicate  products  formed  by  secondary 
chemistry. 

Although  the  vapor  pressures  of  the  ILs  can  be  estimated'  and  are  thought  to  be  in  the 
range  of  0.01  to  0.1  mTorr,  we  did  not  attempt  to  measure  rate  constants.  However,  for  all 
species,  the  product  abundances  appeared  roughly  constant  for  the  same  He  flow  through  the 
inlet  indicating  that  the  rates  were  similar  and  fast,  i.e.  near  the  collision  rate. 

The  ab  initio  calculations  were  performed  at  the  MP2/6-311++G(d,p)  and  B3LYP/6- 
311++G(d,p)  levels  of  theory,23  35  using  the  GAMESS36  37  quantum  chemistry  code.  Reaction 
enthalpies  and  free  energies  (MP2)  were  computed  using  the  ideal  gas  +  rigid  rotor  +  harmonic 
oscillator  models  '  with  the  computed  vibrational  frequencies  scaled  by  a  factor  of  0.9748.  The 
uncertainty  assigned  to  the  calculated  reaction  enthalpies  in  Table  1  is  ±  10  kcal/mol,  which  was 
obtained  by  the  procedure  described  in  the  Supplementary  Information. 
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Supporting  Information  Available:  In  order  to  estimate  the  uncertainty  in  the  MP2  calculations  in 


Table  1,  reaction  energies  using  MP2/aug-cc-pvtz  and  CCSD(T)/6-311++G(d,p)  single  point 
energies  were  computed  and  are  available  in  the  supplementary  material.  This  material  is  available 
free  of  charge  via  the  Internet  at  http://pubs.acs.org. 
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Table  1.  Enthalpies  and  free  energies  of  reaction  of  the  RTIL  EMIM+NTIV  with  various  ions  at 
298  K  (MP2/6-311++G(d,p)).  The  EMIM  carbene  species  in  reaction  10  is  denoted  as  EMIM:. 

AH  (298  K)  AG  (298  K) 


Reaction 

(kcal/mol) 

(kcal/mol) 

1) 

EMIM+NTf2‘  +  NO+  ->  EMIM+  +  NTf2  +  NO 

3.6 

-11.0 

2) 

EMIM+NTf2‘  +  NO+  ->  EMIM+  +  NO+NTf2‘ 

-32.8 

-35.9 

3) 

EMIM+NTf2'  +  NH4+  ->  EMIM+  +  HNTf2  +  NH3 

-3.3 

-17.4 

4) 

EMIM+NTf2'  +  NH4+  ->  EMIM+  +  NH3HNTf2 

-19.8 

-25.6 

5) 

EMIM+NTf2'  +  NH4+  ->  EMIM+  +  NTf2  +  NH4 

117.5 

103.0 

6) 

EMIM+NTf2'  +  NH4+  -»  EMIM+NT f2"NH4+ 

-47.7 

-40.8 

7) 

EMIM+NTf2'  +  NOf  -»  NOfEMIM+NTIV 

-36.3 

-28.0 

8) 

EMIM+NTf2‘  +  02‘  ->  NTf2"  +  EMIM:H02 

8.9 

3.9 

9) 

EMIM+NTf2'  +  02‘  -»  NTf2"  +  EMIM+02‘ 

13.4 

10.3 

10) 

EMIM+NTf2_  +  02‘  ->  NTf2"  +  EMIM:  +  H02 

27.1 

13.0 

11) 

EMIM+NTf2'  +  02'  ->  NTf2‘  +  EMIM  +  02 

24.7 

12.1 

12) 

EMIM+NTf2_  +  EMIM+  ->  EMIM+NT f2'EMIM+ 

-32.4 

-21.2 
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ion  counts  ion  counts 


figure  1.  Positive  ion  mass  spectra  for  the  reactions  (a) 
iMIM+NTf?'  +  NH4+ 


EMIM+NTf2"  +  NO+  and  (b) 


Figure  2.  Negative  ion  mass  spectra  for  the  reactions  (a)  EMIM+NTf2'  +  NO3'  and  (b) 
EMIM+NTf2"  +  02 
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Figure  3.  Positive  ion  mass  spectra  for  the  reactions  of 
BMIM+dca  +  NO+ 


5.0E+03  - 
4.5E+03  - 
4.0E+Q3  - 
3.5E+03  - 
3.0E+03  - 
2.5E+03  - 
2.0E+03 
1.5E+03 
1.0E+03 
5.0E+02 
O.OE+OO 

120  130  140 


(b) 


A,, .  J  l ,  A. 


150  160  170  180 

mass 


(a)  BMIM+dca  +  NH4+  and  (b) 


>:+ 


Figure  4.  NH4+NTf2’EMIM+  ion  cluster  geometry. 
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Supplementary  Information 

The  uncertainties  in  the  computed  reaction  enthalpies  were  estimated  by  performing 
single  point  energy  calculations  (a)  at  the  MP2  level  using  the  augmented  correlation  consistent 
polarized  valence  triple-zeta  basis  sets  of  Dunning  and  Woon,  ’  denoted  as  MP2/aug- 
ccpvtz//MP2/6-311++G(d,p) ,  and  (b)  at  the  coupled  cluster  level  using  single  and  double 
excitations  with  perturbative  estimates  of  triples  (CCSD(T))3  5  using  the  6-311++G(d,p)  basis 
set,  denoted  as  CCSD(T)/6-31  l++G(d,p)//MP2/6-31 1++G(d,p),  for  the  two  reactions  listed  in 
Table  SI.  The  reactions  in  Table  SI  are  similar  to  those  in  Table  1,  except  that  the  alkyl  ligands 
on  the  ethylmethylimidazolium  ring  have  been  replaced  with  hydrogen  (denoted  as  IMID  in 
Table  SI)  in  order  to  make  the  CCSD(T)  calculations  tractable. 

For  each  reaction,  the  sum  of  the  absolute  differences  in  reaction  energies  relative  to 
MP2/6-31 1++G(d,p)  is  taken  as  a  lower  bound  to  the  uncertainty  in  the  reaction  enthalpy.  As 
shown  in  Table  SI,  the  larger  of  the  uncertainties  for  the  two  reactions  is  8.2  kcal/mol,  which  is 


*  Email:  ghanshyam. vaghi iani @ ed wards . af . mil ;  Tel:  661-275-5657;  Fax:  661-275-5471 
Distribution  A:  approved  for  public  release;  distribution  unlimited. 


16 


the  basis  for  the  estimated  uncertainty  for  the  reaction  enthalpies  listed  in  Table  1  of  ±10 
kcal/mol. 

Table  SI.  MP2/aug-ccpvtz//MP2-6-31 1++G(d,p)  and  CCSD(T)/6-31  l++G(d,p)//MP2-6- 
311++G(d,p)  reaction  energies  at  0  K,  excluding  zero  point  vibrational  energy  corrections,  in 
kcal/mol. 


IMID+NTf2~  +  NQ2+  -» IMID+  +  NQ2+NTf2 _ AE 

AEeiec(MP2/6-3 1 1  ++G(d,p))  -27.2 

AEeiec(MP2/aug-ccpvtz//MP2/6-3 1  lG++(d,p))  -26.8 

AEelec(CCSD(T)/6-31  l++G(d,p)//MP2/6-31  lG++(d,p))  -35.0 

AMP2  =  |  AE(MP2/aug-ccpvtz)  -  AE(MP2/6-311++G(d,p)  |  0.4 

ACCSD(T)  =  |  AE(CCSD(T)/6-311++G(d,p)-AE(MP2/6-311++G(d,p)  |  7.8 

uncertainty  <  AMP2  +  ACCSD(T)  =  0.4  +  7.8  =  8.2 


IMID+NTf2'  +  NH4+  -» IMID+NTf2NH4+ _ AE_ 

AEeiec(MP2/6-31 1++G(d,p))  -45.1 

AEeiec(MP2/aug-ccpvtz//MP2/6-31  lG++(d,p))  -45.1 

AEeiec(CCSD(T)/6-3 1 1  ++G(d,p)//MP2/6-3 1  lG++(d,p))  -45.2 

AMP2  =  |  AE(MP2/aug-ccpvtz)  -  AE(MP2/6-311++G(d,p)  |  0.0 

ACCSD(T)  =  |  AE(CCSD(T)/6-311++G(d,p)- AE(MP2/6-311++G(d,p)  |  0.1 

uncertainty  <  AMP2  +  ACCSD(T)  =  0.0  +  0.1  =  0.1 
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